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ABSTRACT

A radiological performance assessment is conducted to provide reasonable assurance that performance objectives
for low-level radioactive waste (LLW) disposal will be met. Beginninginthe early stages of development, aradiological
performance assessment continues through the operational phase, and is instrumental in the postclosure of the facility.
Fundamental differences exist in the regulation of commercia and defense LLW, but the radiological performance
assessment processis essentially the same for both. The purpose of this document isto describethat  processin aconcise
and straightforward manner. This document focuses on radiological performance assessment as it pertains to commercial
LLW disposal, but is applicable to U.S. Department of Energy sites as well. Included are discussions on performance
objectives, site characterization, and how aperformance assessment isconducted. A casestudy isused toillustrate how the
processworks asawhole. A bibliography is provided to assist in locating additional information.
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Introduction to Radiological Performance Assessment

INTRODUCTION

The purpose of this document is to explain the general radiological performance assessment processin aformat that is easy to
understand. The radiological performance assessment process is divided into steps and described, and a short case study isincluded to
illustrate the process. Background information is provided on Federal regulations, site selection, and performance objectives.

Low-level radioactive wastes (LL W) are defined as radioactive wastes not classified ashigh-level waste, transuranic waste, spent
nuclear fuel, or byproduct material asdefined in section 11(€)2 of the Atomic Energy Act, asamended. LLW is regulated by source as
well as by content, and is separated into two main waste types:  commercial and defense. Commercial LLW disposal isregulated by the
U.S. Nuclear Regulatory Commission (NRC) under Title 10 Code of Federal Regulations Part 61 (10 CFR 61) or by agreement States under
equivalent State regulations. Disposal of defense LLW isregulated by the U.S. Department of Energy (DOE) under DOE Order 5820.2A.
Although the two waste types are subject to different regulations, the performance objectives are similar. Thisdocument isintended for
commercial LLW siting effortsin the various host States and compact regions, but also will be auseful reference for other sites.



BACKGROUND

Low-Level Radioactive Waste Policy Act

The Low-Level Radioactive Waste Policy Act (LLRWPA) of 1980 made each State responsible for the disposal of all commercia
LLW generated within itsborders. States were encouraged to form compacts to facilitate disposal on aregional basishy aprovision in
the LLRWPA, allowing compact regions to exclude wastes from outside their borders after January 1, 1986. Many Statesarenow affiliated
with compact regions.

By the end of 1983, it was apparent that most States could not provide for their own LLW disposal capacity by the January 1, 1986,
deadline, prompting Congressto passthe Low-Level Radioactive Waste Policy Amendments Act (LLRWPAA) in 1985. TheAmendments
Act kept thethreeexisting commercial disposal sitesat Richland, Washington; Beatty, Nevada, and Barnwell, South Carolina, open through
the end of 1992, while placing volume limitations on waste generators and setting several milestones for the development of new sites.

Purpose and Definition of Performance Assessment

A mgjor milestone set forth inthe LLRWPAA was for complete license applications to be filed by January 1, 1992. The potential
licensee conducts aradiological performance assessment in support of alicense application for acommercial LLW disposal siteto provide
areasonable assurance of compliance with the specifications set forth in 10 CFR 61 or equivalent agreement State regulations.

A radiological performance assessment isasystematic analysis of aproposed LLW disposal facility and itsimmegdiate surroundings
that estimates radiation dose to humans for comparison of the estimates with aset of performance criteria. The purpose of the performance
assessment is to provide reasonable assurances that the LLW disposal facility will meet the performance objectives of 10 CFR 61. This
analysis evaluates both the short and long-term impacts of - the facility and compares those results with established performance criteria.
A radiological performance assessment continues to be carried out during operational and postclosure periods to evaluate regulatory
compliance (Case and Otis 1988).

Considerable uncertainty existsin these assessments and resulting estimates are not seen as accurate predictions of future facility
performance. Rather, the performance assessment results indicate a possible range of values for radionuclide release, transport, and
exposure intended to provide reasonable assurance of compliance with performance objectives. The performance assessment supplies
general indications of performance and is part of the process for assessing the overall safety of the disposal facility.



THE PERFORMANCE ASSESSMENT PROCESS

Thebasic concept of aperformance assessment isto develop asimplified representation of the physical world using research data,
assumptions, documentedinformation, and modeling techniquesin an attempt to understand contaminant transport within thewaste disposal
system and along potential pathways of human exposure. Each radiological performance assessment  begins with site-specific physical
datathat are used to formulate a conceptual model. The specific processes in the conceptual model are then described mathematically.
Finadlly, the system is modeled with mathematical representations and computer programs, called computer codes, to obtain arange of
results. Theresultsof the performance assessment are compared with the performance objectivesto determine if reasonable assuranceis
provided that the potential dosewill bebelow theregulatory standard. Theintent isnot to predict the actual dose. Thismust be understood
before starting a performance assessment asit will guide the data and models needed from using the best available to using those that are
adequate for the purpose (see Figure 1) (Seitz 1992).

A model isasimplified representation of areal-world system. Modelsshould represent the important componentsand interactions
of the particular system being modeled, and should be sel ected based on the ability to represent site-specific phenomena. For aradiological
performance assessment, the modeling process does not produce an absolute answer, but rather a conservative bounding approximation.
This approximation is dependent on the accuracy of the input data, the conceptual and mathematical models, and the computer code(s).

Methodology

Severa methodol ogies have been proposed for conducting aradiological performance assessment. For example, Case and Otis
(1988) proposed anine-step process, and the NRC has proposed a five-step process. Thevarious methodol ogiesdiffer mainly inthelevel
of detail. The methodology detailed below outlines the main steps of each method. Figure 1 is a simplified representation of the
performance assessment process and illustrates the iterative nature of that process. Performance objectives drive the process and are used
asameasure of success. Each step isexplained in greater detail in the following sections.

STEP 1. The first step in conducting a radiological performance assessment is to identify all applicable requirements and
performance objectives. Those are contained in NRC regulations governing radioactive waste disposal and are listed in the next section,
"Performance Objectives for LLW Disposal Sites." The objectives provide abasisto begin identifying pathwaysand scenarios considered
in formulating the conceptual mode.

STEP 2: The second step isto collect physical data, including site characterization, waste characterization, and facility design.
Monitoring and data collection are used to understand the LLW disposal system and to formulate the conceptual model. Field and
laboratory investigations are performed to gain an understanding of the site characteristicsimportant toisolation of the LLW and long-term
success of the disposal site.



Figure 1. Radiological performance assessment process.



STEP 3: Thethird stepisto develop aconceptual model for possible routes of human exposure. Exposure scenarios are devel oped
using the information obtained in thefirst two steps. Important processes and pathways identified in those scenarios are represented in the
conceptua model. Conceptual models should be simple and should be consistent with the available data, mathematical models, and
computer codes.

STEP 4: The fourth step isto mathematically describe the process and pathways identified in the conceptual model. Screening
caculations arefirst used to narrow the focus. Screening calculations, conducted with highly conservative models, can eliminate many
of theradionuclides in the waste inventory from future consideration. Performance assessment efforts can then be focused initially onthe
limited number of radionuclides that contribute to potential dose.

Carefully selected computer codes and modeling approaches arethen used to perform cal cul ations on those radionuclides that were
not "screened out" (Seitz 1992). Performanceassessment cal cul ations shoul d not be considered absol ute predictionsof system performance
due to the uncertainty associated with predicting future events and the assumptions made when conducting a performance assessment.

STEPS: Thefifth step involvesevaluating the cal culated resultsto identify where additional datamay be required, and comparing
the results to the performance objectives. Calculations should be evaluated using sensitivity analysis, uncertainty analysis, and validation
with measured environmental variables.



PERFORMANCE OBJECTIVES FOR LLW DISPOSAL SITES

The purpose of aradiological performance assessment isto provide reasonable assurance that disposal objectives will be met for
the time periods of concern as determined from 10 CFR 61, "Licensing Requirements For Land Disposal of Radioactive Waste" As
developed by the NRC, there are four performance objectives contained in 10 CFR 61.41-44. Those objectivesare listed below, and are
applicable to commercial LLW:

1. Protection of the general population from releases of radioactive material
(25 mrem/yr whole body, 75 mrem/yr thyroid, 25 mrem/yr any other organ)

2. Protection of individuals from inadvertent intrusion

3. Protection of individuals during operations
(in accordance with 10 CFR 20)

4. Stahility of the disposal site after closure.

Specific guidelinesfor technical analysesareestablished in 10 CFR 61.13. Thoseguidelinesspecify theanalysesrequiredtoprovide
reasonable assurance that the performance objectives listed above will be achieved. The NRC will issue alicense for commercia LLW
disposal upon finding that all of the requirements of 10 CFR 61.23, "Standards for Issuance of aLicense" are met.

Special Considerations

Some details related to the performance objectives require special consideration and are examined in greater detail below. Those
details include the inadvertent intruder scenario and the appropriate time periods and locations to be used in evaluating performance.
Applicable time periods of concern are determined by waste class (A, B, or C). Exact locations of concern and inadvertent intruder
scenarios will be determined from site-specific information.

Time Periods of Concern

Although each radiological performance assessment will be site-specific, there are three common time periods of concern. Those
include the operationd, indtitutional control, and pogtingtitutional control periods. The operational time period begins when waste is
disposed at the facility. The ingtitutional control period of postclosure maintenance and monitoring lasts about 100 years. The
pogtingtitutional control period is the bounding timeframe for measuring disposal site performance. It is characterized by no active
monitoring or maintenance and typically lasts 500 years or more. The postingtitutional control period representsthegreatest potential risk
of exposure to an inadvertent intruder because access to the site is assumed to be uncontrolled (Case and Otis 1938).

Locations of Concern

There are also three general areas of concern: theimmediate area occupied by the disposal facility, the site boundary, and the area
withina10-km radius. Thoseareareasof active monitoring and data collection for the purpose of estimating exposureto workersand the
public. Potential dosesare calculated at or near each location and compared with performance objectivesto assessregulatory compliance
and disposal site performance. Site-specific requirements may exist.



Inadvertent Intruder Scenario

One of the performance objectives listed in 10 CFR 61 specifically provides for the protection of inadvertent intruders during
pogtingtitutional control. A performance assessment will include scenariosinwhich  an inadvertent intruder receives both an acute dose
and achronic dose. An acute dose refersto ahigh level of exposure for ashort duration, whereas a chronic dose refers to a continued or
periodic exposure for along duration. Specific analyses regarding inadvertent intrusion are set forth in 10 CFR 61.13(b) for commercial
disposal sites. Those analyses must provide reasonable assurance that waste classification and segregation requirements will be met and
that adequate barrierswill be provided.

Some examples of inadvertent intruder scenarios developed by the NRC include intruder-drilling, intruder-construction, and
intruder-agriculture. Theintruder-drilling scenario assumesthat thewasteiscontacted through sometype of exploratory drilling, whereby
the waste is penetrated. The intruder-construction scenario assumesthe waste is contacted while the intruder is excavating the basement
of a home, and the intruder-agricul ture scenario assumes that the intruder lives over the disposal facility where food is grown and
consumed. The agriculture scenario is assumed to be chronic, whereas the others are assumed to be acute exposure events. Site-specific
scenarios must be developed for each disposal facility (Kennedy and Peloquin 1988).



PHYSICAL DATA

Site Characterization

Site characterization is the first step in new site development and generally involves monitoring and data collection. The NRC
defines this process as"'the program of investigations and tests, bothinthefield and laboratory, undertaken to define the Site characteristics
afecting the isolation of the LLW, the long-term suitability of the disposal site, and the interactions between the disposal site and its
surroundings” (Seifken et a. 1982, NUREG-0902).

The purpose of site characterization istoinvestigate the characteristics of the proposed disposal siteto support alicense goplication
and environmental report, and to permit an independent evaluation of the proposed disposal facility. Thischaracterization of the physica
world may then be described in a simplified conceptual model. Specific objectivesof site characterization are to develop the technical
information needed for the following:

] Reasonable assurance that the performance objectives and the minimum technical requirements on site sitability will be
met

] Evaluation of the ahility of the site characteristics to contribute to isolation of LLW
] Design of the disposal facility
] Identification of interactions between the site characteristics and the LLW and waste containers

. Establishment of data collection points and a baseline of data for some portions of the site monitoring program

Identification of potential environmental impacts resulting from construction, operation, and closure of the disposal facility.

There are several requirements listed by the NRC in 10 CFR Part 61.50 regarding natural site characteristics necessary to license
aLLW disposal site. Specific technical information may be found in 10 CFR 61.12. At the present time, regulations have only been
developed for near-surface disposal. Guidance is still being developed for other disposal technologies. The following are general
categories that should beaddressed in support of asite characterization, asidentified in NRC guidance (Seifken et . 1982, NUREG-0902;
NRC 19883, NUREG-1200; NRC 1988, NUREG-1199; Shum et a. 1989, NUREG-1388; Panghurn et a. 1987, NUREG-1300).

NRC Site Characterization Data Categories:

* Geology

Groundwater hydrology

Surface water hydrology

Geochemistry/hydrochemistry

» Water resources

Geologic/timber/agricultural resources



* Geotechnical investigation
» Geography

» Demography

* Landuse

» Meteorology

* Air qudity

* Radiological assessment
* Ecology

* S0cioeconomics

* Cultural resources

» Transportation

Aesthetics.

Each of these categories has specific requirements for data collection and information gathering. The specific parametersrequired
under each of these are beyond the scope of this document, but may be found in the NUREG documents listed in the Bibliography section
andinthe Stte Characterization Handbook for Low-Level Radioactive Waste Disposal Facilities(Nationa Low-
Level Waste Management Program 1992).

Sitecharacterization beginswith premonitoring surveys, research, and planning. Theactual datacollectiontakesplacein subsequent
field surveys, which consist mainly of geologic sampling and measuring procedures. Following thesurveys, dataareanalyzed and samples
are tested in the laboratory. The results are used for several purposes, including site modeling, site characterization reports, license
applications, environmental and safety analysis reports, and performance assessments.

Waste Characterization

Waste characterization is important for three reasons. 1) ensuring compliance with the licensing reguirements of 10 CFR 61, 2)
alowing classification of the waste for planning and designing the facility disposal units, and 3) using datain aradiological performance
assessment to perform cal culations and estimate the waste inventory/source term.

A waste inventory describes the physical and chemical characteristics of the waste. Important data for awaste inventory include
physical form and volume, radionuclide content and concentration, activity, location, classification, type of radiation emitted, and specific
chemical and physical data. This information is important for determining operating costs and capacity of the disposal facility, for
calculating disposal surcharges, for assessing accidents, and as input data for performance assessments.



Classification of commercial LLW is based on radionuclide concentrations listed in 10 CFR 61. Class A LLW has low
concentrations of the radionuclides listed in Tables 1 and 2 of 10 CFR 61.55. Itisgenerally segregated from Class B and C waste unless
the Class A waste form meets the stability requirements in 10 CFR 61.56(b). ClassB LLW hasintermediate radionuclide concentrations
and must meet stability requirements. Class C LLW has the highest radionuclide concentrations (for which States are responsible under
the LLRWPAA) and must meet stability requirements aswell as additional protective measures against inadvertent intruders.

Ingtitutional control for 100 years following Site closure is sufficient to permit disposal of class A and B LLW without additional
precautions for inadvertent intruders. However, Class C LLW must be disposed of at least 5 meters below the surface or with engineered
barriers designed to protect against the inadvertent intruder for at least 500 years.

Facility Design

Isolation of LLW from the public and the environment is the primary goal of waste disposal. - Groundwater is presumed to be the
primary exposure pathway, and preventing release to nearby aguifers is a major concern in LLW disposal. Depth and type of cover
material, depth to groundwater, and proximity to aquifers areimportant parametersinregard to possible release and transport, and are given
specia consideration in selecting adisposal technology. Technologies such asshallow-land disposal, modular concrete canister disposal,
and earthen-covered abovegrade vault are now being considered by several States.

A design of atypical LLW disposal Siteincludes several distinct areas. Thewasteis placed into disposal unitsin arestricted area.
These unitsare defined by confinesthat may include walls, floors, trench sides, and earthen covers. Disposal unitsmay beaconcretevault,
pad, or trench. Unlikeavault, trenchesand padsare not fully enclosed and extra stabilization measuresare necessary. Soil, sand, or gravel
may be used as grout to fill in between individual waste containersfor added structural stability. These materials have the added benefit
(as opposed to concrete) of allowing rapid movement of water through the units, minimizing contact with the waste containers.

Particular design features are dependent upon the disposal concept selected. Retention pondsarelocated in the restricted areaand
collect the runoff water from precipitation. A buffer zone is the area between the restricted zone and the site boundaries and is usualy
controlled by some security arrangements. Each design incorporates support facilities for the disposal operation and includes areas such
aswaste inspection stations, maintenance buildings, warehouses, receiving, and decontamination aress.

The site is generally designed to accept waste for 20-50 years and to isolate waste from the environment for hundreds of years.
Depending on the disposal concept selected and anticipated volume, the size of the site may vary from 25 to 300 acres.

The features of theland disposal facility and disposal unitsare designed to minimize theiinfiltration of water into the disposal units.
Principal design features should consider water infiltration, cover integrity, structural stability, contact with standing water, site drainage,
and monitoring of the disposal Site.

A design feature that providesa protective measure against water infiltration isadisposal unit cap that isacombination of layers
of sail, clay, concrete, and synthetic liners. Capsareconstructed inamanner designed to prevent water from reaching thewaste containers
and to divert runoff away from the disposal unit.

Should infiltration occur, the disposal facility monitoring system is designed to detect and measure any radionuclide release from
the disposal site. Active monitoring must take place through the 100 year intitutional control period and consists of periodic sampling
and testing of air, water, vegetation, and wildlife in the facility, at the site boundary, and withina10 km radius. Several monitoring wells
must be drilled onsite and offsite for measuring radionuclide content in grouncwater.
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Other features should be designed to facilitate Site closure and stability, avoid the need for long-term maintenance after site closure,
provide barriers against inadvertent intrusion, reduce occupational exposure, and provide an adequate buffer zone.

Design criteria should reasonably ensure that the facility can adequately protect public health and safety under normal conditions,
abnormal conditions, and relative to accident scenariosinaccordance with 10 CFR 61 performance objectives(NRC 19882, NUREG-1200).

11



CONCEPTUAL MODEL

A conceptual model isasimplified, yet technically credible description of the physical properties of a waste disposal system of
interest (Caseand Otis 1988). Itillustratescontaminant sourcesand sinks, transport processesand pathways, transport media, and potential
receptors. Exposure pathways are identified from performance objectives and are used along with site characterization data to formulate
theinitial model. System behavior is diagrammed as it is understood, and the model may be modified as more is learned. Potential
exposure scenarios are analyzed in a pathway analysis, with separate components modeled independently using submodels.

Pathway Analysis

A pathway analysis examines how radionuclides may be transported through the environment and potential routes of human
exposure. Itisimportant to understand that contaminants do not move through theenvironment by themselves. Rather, they aretransported
by air or water through advective or diffusive processes. The principal means of exposure to humansis by direct radiation exposure,
inhalation of gases or particulates, and ingestion of contaminated food or water. The pathways that lead to these types of exposures are
analyzed using four different types of submodels (Figure 2).

Submodels

The four types of submodels include facility, transport, exposure, and demographic models. The facility model uses site-specific
information and simulates potential radionuclide release and migration pathways within the facility boundaries. Results from these
calculations become inputs for transport models. Transport models cal cul ate the movement of radionuclides after release from the waste
disposal system. Demographic models are used to analyze and estimate population distribution aswell as agricultural and other land use
patterns. Thetransport and demographic modelswill result in ranges of valuesfor various parameters of interest. Theseresults, or ranges
of values, can be used asinputs to exposure models.

12



Figure 2. Mgor model componentsinclude information regarding the waste and the disposal environment, transport pathways and
modes of exposure, and the potential receptors. Individual components may be analyzed in more detail using  the four submodels (Case
and Otis 1988).

13



MATHEMATICAL MODEL

The object of mathematical modeling isto quantify the processes and pathways identified in the conceptual model. A measure of
how the waste might behave in the disposal environment iscalled a source term, and is usually expressed as aradioactive material release
per unit time. Development of the source term begins with the conceptual model before being quantified with mathematical models. The
value will be dependent on time aswell as physical parameters relating to waste characterization and disposal technology. Mathematical
models provide a quantitative estimation that may be compared with performance objectives as ameasure of the disposdl site's potentia
performance.

There arethree types of mathematical models, including analytical, semianalytical, and discrete numerical. Analytical modelsmay
be solved by hand calculations or with a calculator. Semianaytical models are similar, but are extremely difficult to solve without
additional aid, such asa special handbook of mathematical functions. Discrete numerical models are solved with theaid  of a computer
and are used to model more complex processes. A radiological performance assessment may involve one or al of these types of
mathematical models.

Computer codes are often used to perform complicated calculations in the mathematical modeling phase. They are commonly
classified as either processor system level codes, according to the level of analysis (Starmer et al. 1988). Process level codes are more
specific and typically model asingle process or pathway, whereas system level codesintegrate several processes and/or pathwaysinamore
genera analysis. Various site-speific processesmay  be modeled with processlevel codes. These results may then becomeinput for a
system level code.

The capabilities and accuracy of each code used should be verified by running the code and reproducing the input and output data
of a standard test case. The NRC suggests establishing and maintaining a quality assurance program throughout the performance
assessment process. This program would provide guidance for collecting, managing, and analyzing data, as well as for documenting
procedures and analyses (NRC 1938hb, NUREG-1199).

14



RESULTS

The end result of a performance assessment will be site-specific projections of potential doses to be compared with deterministic
NRC performance objectives. Generally, the results should include a range of values used to provide an envelope around the expected
system behavior. Duetotheuncertaintiesinvolved, subjectivejudgment will likely beanecessary part of the demonstration of compliance
with the performance objectives.

Some inherent hiases will beintroduced into the analysis through model and parameter selection. Thus, it isimportant to involve
a variety of technical disciplines in the reviews to try to minimize the impact of the biases that may be introduced. Sensitivity and
uncertainty analysis should be used to identify the parameters with the greatest impact on the final results. These parameters can then be
reviewed in more detail. Also, suchanalysescan provideguidanceinidentifying future dataneedsand areaswhere additional effort would
provide no additional benefit. Theresultsof these sensitivity and uncertainty analysesareacritical element in demonstrating an adequate
understanding of system behavior to serve as justification for the conclusions of the analysis.

Further refinement of a model may be necessary or desirable. This may be accomplished by reducing parameter variability,
identifying areas that require additiona study or more detailed modeling, or using results to improve the monitoring program. Overall
confidence in model projections may be increased by more thorough model validation (Case and Otis 1988). Validation involves
comparison of model projections with actual measurements made in the disposal system and is very useful for evaluating accuracy.
Correlation with those measured environmental variables will assist in reducing parameter variability.

A thorough and complete performance assessment will serve asauseful tool for the license application process and for assessing
site performance over time. The process is dependent on a continuous monitoring program and the accuracy of data and models. A
successfully designed disposal site will isolate the waste and protect human health and the environment in accordance with NRC
performance objectives.

15



CASE STUDY

Thefollowing case study isprovided to demonstrate asimplistic overview of the process of conducting aradiological performance
assessment. Thisillustration will represent acommercial LLW disposal Site; therefore, NRC regulations will apply.

STEP 1 Applicable regulationsand objectives may befound in NUREG documentsand in 10 CFR 61, "Licensing Requirements
For Land Disposal of Radioactive Waste." Performance objectives provide abasis to begin identifying transport pathways and exposure
scenarios.

STEP 2: When a potentialy suitable Site is located, monitoring activities are initiated to collect data for a Site characterization.
Data are collected relating to geology, hydrology, ecology, and other categories identified in NRC guidance. Additionaly, information
iscollected on the disposal technology and waste characterization. The dataare used to construct a representation of ~ the physical world
a the proposed disposal site (Figure 3). The representation reflects surface and subsurface features, aswell aslocations of the disposal
unit, waste containers, and components of the monitoring system.

Thisdisposal siteislocated within and over six distinct geological layers. Theclay and shalelayersarerelatively impermeableand
significantly slow the downward movement of contaminants. A confined aguifer islocated below theselayersat adepth of approximately
600 ft. Thewasteis contained in high-integrity drums and alayered cap covers the disposal unit. A well islocated downgradient. For
the purpose of this example, the well will serve both asamonitoring point and as a source of drinking water for the hypothetical receptor.

STEP 3: After the site characterization data have been collected, the physical world may be represented in asimplified manner by
aconceptual model (Figure 4). In this case, the actual subsurface geology is shown as two distinct regions separated by a straight line
boundary. Physical detail is surrendered in favor of asimple description of the system components. Attention is shifted to the important
processes and pathways relating to the hydrological cycle and contaminant transport in the LLW disposal system. They are represented
by arrows that point in the direction of movement. The arrows are straight, as transport is assumed to follow astraight path.

The exposure scenario identified for this case involves ingestion of contaminated grouncdwater. A pathway analysisis used to
evaluate this potential exposure pathway. Some time after disposal, the waste containers are assumed to fail and alow release of
radionuclides. Released contaminantsare transported by precipitation that hasinfiltrated the unsaturated zone. The hypothetical receptor
isexposed by drinking water from awell that taps the contaminated aquifer.

STEP4: After development of the conceptual model, the processesand pathwaysidentified by arrows are modeled mathematically
by assigning valuesto some of the critical parameters of the conceptual model (Figure 5). Screening calculations are used to eliminate
unimportant radionuclides and focus modeling efforts on those  that may contribute to possible future exposure. Assuming that simpler
models would be inadequate, computer codes are used. Each processor pathway isfirst evaluated with aprocesslevel code. The results
from those analyses are used asinput for asystem level code that produces an estimated potential dose of 2 mrem/yr through ingestion of
drinking water.

16



Figure 3. Detailed representation of the physical makeup of the disposal site, as understood from site characterization, waste characterization, and
facility design data.



Figure 4. Conceptualization of important processes and transport pathwayswithin the disposal system as understood from the physical world data
collection.



Figure 5. Mathematical description of processes and pathways contained in the conceptual model.



STEP5: Following contaminant release and transport, the model results may be analyzed through a post-audit by comparisonwith
measurements taken from the well. However, those measurementswill not be availablein thelicense application phase. For the purpose
of alicense application, confidence will be demonstrated through model verification, and sensitivity and uncertainty analyses. Assuming
the methods were correct and that the data were sound, the result may then be compared to dose limits established in the performance
objectives. Inthis case, the estimated potential dose provides reasonable assurance that the performance objectiveswill be met.

Thisexample providesa general, though somewhat simplified illustration of the process and the steps involved in conducting a
radiological performance assessment. While this example only examined one exposure pathway, the same concept appliesto others. |If
it can be reasonably ensured through modeling that performance objectives will be met and that exposure will be below regulatory limits,
the site will be considered to perform acceptably. Inredlity, the radiological performance assessment effort is much more complex than
the preceding example suggests and involves many more factors, disciplines, and trials.
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GLOSSARY

Active maintenance: Any significant activity needed at a disposal site to maintain a reasonable assurance that the performance
objectives will be met.

Advection: The process by which dissolved solids are transported by the motion of flowing groundwater.
Aquifer: A saturated, permeable geologic unit that can transmit significant quantities of water under ordinary hydraulic gradients.

Aquifer, confined: Anaguifer thatisoverlainby aconfiningbed. Theconfiningbedhasasignificantly lower hydraulic conductivity
than the aguifer.

As low as reasonably achievable: With regard to low-level radioactive waste disposal, a licensing performance objective
reguires that a reasonable effort should be made to maintain releases of radioactivity to the general environment aslow asis reasonably
achievable (ALARA). ALARA isabasic concept of radiation protection that also requiresthat the state of the technology, the economics
of improvement in relation to the benefits of public health and safety, and other socioeconomic considerations to be taken into account.

Class A waste: Commercial LLW that has low concentrations of long- and/or short-lived radionuclides. Class A waste must be
disposed of separately from Class B and C waste unless it meetsrigorous waste form requirements to ensure stability. Intitutional control
of disposal facilities for 100 yearswill permit disposal of Class A waste without specia provisions for inadvertent intruder protection.

Class B waste: Commercial LLW that hasintermediate concentrationsof long- and/or short-lived radionuclides. ClassB wastesmust
meet more rigorous waste form requirements to ensure stability. Ingtitutional control of disposal facilities for 100 years and recognizable
waste forms for 300 yearswill permit disposal of Class B waste without special provisions for inadvertent intruder protection.

Class C waste: Commercial LLW for which States are responsible that has the highest concentrations of long- and/or short-lived
radionuclides. Class C wastes must meet more rigorous waste form requirements to ensure stability and must be - disposed of a a depth
of at least 5 meters below the surface or must be disposed of with intruder barriers designed to protect againgt inadvertent intruders for at
least 500 years.

Closure: Theend of wasteacceptance and the decommissioning of aL LW disposal facility. Closurerequiresamendment of thefacility
operating license and is followed by a period of postclosure observation and maintenance before the license isfinally transferred to the
disposal site owner (usualy either the Federal or State government).

Commercial Low-Level Radioactive Waste: LLW generated by commercia power plants, manufacturing industries,
hospitals, universities, and research intitutions. 1t does not include defense industry LLW.

Compact: Withregardto LLW disposal, aformal agreement entered into by two or more States, pursuant to the LLRWPAA of 1985,
for the purpose of establishing and operating regional disposal facilities. Compacts are ratified by the party State legislatures and the

Congress. Compacts are authorized to restrict the use of their disposal facilities to wastes generated within the compact region.

Compaction: A mechanical or hydraulic process used to reduce the volume of dry solid waste. Compaction will not reduce the
radionuclide content of the waste.
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Curie: A common unit of measure of radioactivity that indicates the rate of radioactive decay. It isequal to the radiation from 1 gram
of radium for one second, or about 37 billion disintegrations per second. The international measure is the becquerel, equal to one
disintegration per second.

Defense L ow-Level Radioactive Waste: LLWs generated in certain government-owned facilities, including weapons
production plants, defense research laboratories, and naval ships.

Diffusion: Theprocesshy which bothionic and molecular speciesdissolved in water move from areas of higher concentration to areas
of lower concentration.

Disposal: Isolation of waste from people and the environment with no expectation of retrieval.

Disposal facility: Theengineered structuresand appurtenancesat adisposal site. Thedisposal facility includes such features asthe
disposal units prepared to accept the waste, construction equipment, security systems, administrative offices, and laboratories.

Disposal site: Thephysica location where adisposal facility is developed and operated. Characteristic featuresincludeitsgeology,
hydrology, meteorology, soil properties, and adjacent land use patterns.

Disposal unit: A discrete portion of the disposal facility into which waste is placed for disposal. A disposal unit is delimited by
physical boundaries that also define the extent of the radioactive waste. Such boundaries may include the floor, walls, and roof.

Dose: A quantity, total or accumulated, of ionizing radiation received.

Drums: LLW packages, usualy steel, of 55-gal capacity, having either sealed or removable lids.

Evapotranspiration: The sum of evaporation plus transpiration.

Exposure: A termusedtoexpresstheincidenceof radiationon living or non-living material. Acuteexposuregeneraly referstoahigh-
level of exposure for a short duration; chronic exposure generally refers to continued or periodic exposure for along duration. Exposure
iscommonly expressed in units of roentgens or Sieverts.

Exposur e pathways: The potential routes of exposure to radionuclides or radiation. For example, ingestion and inhalation.

Groundwater: All water found beneath the ground surface.

High integrity containers. Containersthat areintended to provide structural stability of ClassB and  C LLW for along period
of time (at least 300 years), based on the design and the physical and chemical properties of the material from which they are fabricated.

Hydrogeology: Thestudy of theinterrelationships of geologic materials and processes with water, especially grouncwater.
Hydrology: The study of the occurrence, distribution, and cycling of al waters of the earth.

Inadvertent intruder: A personwho, after site closure, and at the end of the institutional control period of 100 years may engage
in normal activities and be unknowingly exposed to radiation from the waste.

Infiltration: Theflow of water downward from the land surface into and through the upper soil layers.
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Ingestion: A radiation exposure pathway in which radioactive particles are brought into the body's digestive system by eating or
drinking contaminated items.

Inhalation: A radiation exposure pathway inwhich radioactive gas or contaminated particles are brought into the body by breathing
contaminated air.

Institutional control: Thephysica control of access to and planned maintenance of aLLW disposal facility. Following closure
and transfer of control from the Site operator to the Site owner or custodial agency, an ingtitutional control program will provide for
environmental monitoring, periodic surveillance, custodia care, and the administration of funds for these purposes. The period of
ingtitutional control may vary, but cannot be relied upon for more than 100 years following the transfer of contral.

Intruder barrier: A sufficient depth of cover over disposed LLW, or engineered structuresthat provide equivalent protection to the
inadvertent intruder by preventing contact with or exposure to the waste.

L eachate: Liquid that has percolated through waste or other media and has extracted chemical or radioactive congtituents.

L eaching: WithregardtoLLW disposal, the processof removal or separation of soluble componentsof thewaste by contact with water
or other liquids.

License: A licensefor building and operating aL LW disposal facility, obtained from the Nuclear Regulatory Commission or, if located
in an Agreement State with authority to license a facility, from the appropriate State agency.

Licensee: Theholder of alicenseto operatea LLW disposal facility.

L ow-level radioactive waste: Radioactivewaste not classified as high-level radioactive waste, transuranic waste, spent nuclear
fuel, or byproduct material as defined in section 11e.(2) of the Atomic Energy Act.

L ow-L evel Radioactive Waste Policy Act: Legidation passed by Congressin 1980 that delegated disposal responsibility
for certain LLW to the States and authorized the establishment of compact regions to provide for management and disposal of these wastes
onaregiona basis. TheAct specified January 1, 1986, asthe date that compact regions could restrict the use of regional disposal facilities
for only those wastes generated within the compact region.

L ow-L evel RadioactiveWastePolicy AmendmentsAct: Legislationpassed by Congressin 1985that amendedthe 1980
legislation. The Amendments Act established new procedures and deadlines for the development of new disposal facilities, surcharges
to help finance those facilities, and allocations for utility disposal of waste at existing sites. The Act also granted Congressional consent
to certain compacts.

Migration: Movement of radionuclides from the place where disposed waste was initially emplaced, generally by groundwater
transport.

Millirem: Onethousandth of arem (0.001 rem).

Model: A conceptual description or mathematical representation of a system, component, or condition. A model can be used to predict
change from a baseline state as a function of time or space, or aresponse to internal or external stimuli.

Monitoring: Continuousor periodic measuring of thelevel and quality of factorsaffecting the environment and human healthin order
to regulate and control potential impacts.
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Near -surface disposal facility: A disposa facility in which waste is placed within the upper 30 meters of the earth's surface.
Perfor mance assessment: A radiological performance assessment isa systematic analysis of aproposed LLW disposal facility
and itsimmediate surroundings that estimates facility impact on human health and the environment. The purpose of the performance
assessment is to provide reasonable assurances that the facility will meet the licensing reguirements found in 10 CFR 61.
Performanceobjectives: Licensing requirements regarding the performance of aLLW disposal facility. In order to belicensed,
afacility's performance assessment must describe how the system components will work together to ensure that radiation exposures are

within the limits set in the performance objectives.

Quiality assuranceprogram: A program documenting that thedesign, construction, operation, and closureof thefacility complies
with applicable rules and regulations.

Radioactive waste: Unwanted radioactive materials resulting from the processing or handling of radioactive materials.

Radioactivity: The spontaneous emission of radiation, generally alpha or beta particles, or gamma rays, from the nucleus of an
ungtable radionuclide.

Radionuclide: Any speciesof atom that emits radiation.
Rem: A unit used in radiation protection to measure the amount of damage to human tissue from a dose of ionizing radiation.

Satur ated zone: Thezoneinwhichthevoidsintherock or soil arefilled with water at apressuregreater than atmospheric. Thewater
tableis the top of the saturated zone in an unconfined aquifer.

Sensitivity analysis. Ananaysisthat quantifiesthe changein aselected output measure produced by a change in a specific input
parameter or set of parameters. The analysisindicates the dependence of output measures on specific input parameters.

Site characterization: The program of investigations and tests, both in the field and laboratory, undertaken to assess the site
characteridtics affecting the isolation of the LLW, the long-term suitability of the disposal site, and the interactions between the disposal

site and its surroundings.

Sour ce term: The amount, type, and method of release of radioactive material out of the disposal unit and into the surrounding soil
matrix.

Trench cap: A layer or layers of compacted soil, clay, or artificial materials placed over afilled trench (also known asthe "cover").

Uncertainty analysis. Ananalysis that quantifies the uncertainty in a selected output measure induced by the uncertain input
parameters. Thisanalysis uses the results of a sensitivity analysis together with parameter uncertainty.

Unsaturated zone: Thezonebetweentheland surfaceand thewater table. Itincludestheroot zone, intermediate zone, and capillary
fringe. The pore spaces contain water at |essthan atmospheric pressure, aswell asair and other gases. Saturated bodies, such as perched
grouncwater, may exist in the unsaturated zone. Also called zone of aeration and vadose zone,

Validation: Model documentation process that compares model outputs with actual field measurements to determine accuracy and

confidence in the model's abilities.
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Verification: Theprocesshy whichacomputer codeischecked to seethat the correct formulasand al gorithms were used to represent
the conceptual model and that the results of computer cal culations match hard calculations.

Water table: The upper boundary of an unconfined aquifer, below which lies the saturated zone.
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